Among patients with heart failure who have mitral regurgitation due to left ventricular dysfunction, the prognosis is poor. Transcatheter mitral-valve repair may improve their clinical outcomes.
T h e ne w e ngl a nd jou r na l o f m e dicine I n patients with heart failure and left ventricular dilatation, mitral regurgitation may develop as a result of the geometric dislocation of the papillary muscles and chordae tendineae, impairing coaptation of the mitral leaflets. 1 Such secondary (functional) mitral regurgitation increases the severity of volume overload and has been strongly associated with decreased quality of life, an increased rate of hospitalization for heart failure, and shortened survival. 2, 3 Guideline-directed medical therapy and cardiac resynchronization therapy may provide symptomatic relief, improve left ventricular function, and in some patients, lessen the severity of mitral regurgitation. 4 However, whether the correction of secondary mitral regurgitation improves the prognosis among patients with heart failure is unknown. Although mitral-valve surgery is curative for primary (degenerative) mitral regurgitation, neither surgical repair nor surgical replacement of the mitral valve has been shown to lower the rate of hospitalization or death associated with secondary mitral regurgitation, and both procedures confer a substantial risk of complications. [4] [5] [6] Thus, most patients with heart failure and secondary mitral regurgitation are treated conservatively, 7 and this high-risk group has few therapeutic alternatives.
Reduction of the severity of mitral regurgitation may be accomplished percutaneously by approximation of the anterior and posterior mitral leaflets, a procedure that leads to formation of a double-orifice valve. 8, 9 In the randomized Endovascular Valve Edge-to-Edge Repair Study (EVEREST) II, transcatheter mitral-leaflet approximation with the MitraClip device (Abbott) was safer than surgical mitral-valve repair but was not as effective in reducing the severity of mitral regurgitation. 8 However, device-based and surgical mitral-valve repair were associated with similar outcomes in the small subgroup of patients with secondary mitral regurgitation. 8 We therefore conducted a randomized trial to evaluate the safety and effectiveness of transcatheter mitral-leaflet approximation in patients with heart failure and secondary mitral regurgitation who remained symptomatic despite the use of guideline-directed medical therapy.
Me thods

Trial Design
Details about the design of the Cardiovascular Outcomes Assessment of the MitraClip Percutaneous Therapy for Heart Failure Patients with Functional Mitral Regurgitation (COAPT) trial have been published previously. 10 In brief, the COAPT trial was a multicenter, randomized, controlled, parallel-group, open-label trial of transcatheter mitral-valve repair with the MitraClip device in symptomatic patients with heart failure and moderate-to-severe or severe mitral regurgitation. Details about the organization of the trial and a list of participating centers are provided in the Supplementary Appendix, available with the full text of this article at NEJM.org.
The trial was sponsored by Abbott. The protocol, available at NEJM.org, was designed by the principal investigators and the sponsor in accordance with the principles delineated by the Mitral Valve Academic Research Consortium. 4, 11 The protocol was approved by the investigational review board at each participating center, and all the patients provided written informed consent. The sponsor participated in site selection and management and in data analysis. The principal investigators had unrestricted access to the data, wrote the manuscript, and vouch for the accuracy and completeness of the data and analyses and for the fidelity of the trial to the protocol.
Enrollment, Randomization, and Follow-up
Eligible patients had ischemic or nonischemic cardiomyopathy with a left ventricular ejection fraction of 20 to 50%, had moderate-to-severe (grade 3+) or severe (grade 4+) secondary mitral regurgitation that was confirmed at an echocardiographic core laboratory before enrollment, and remained symptomatic (New York Heart Association [NYHA] functional class II, III, or IVa [ambulatory]) despite the use of stable maximal doses of guideline-directed medical therapy and cardiac resynchronization therapy (if appropriate), which were administered in accordance with guidelines of professional societies. A complete list of enrollment criteria is provided in Table S1 in the Supplementary Appendix. 5, 6, 12 At each site, patients were assessed by a heart team that consisted of a heart-failure specialist, an interventional cardiologist, and a cardiothoracic surgeon with expertise in mitral-valve disease. The interventional cardiologist confirmed that the patient was anatomically eligible for device implantation, and the cardiothoracic surgeon determined that mitralvalve surgery was not appropriate. A central eligibility committee confirmed that the patient met all the enrollment criteria (including use of maximal doses of guideline-directed medical therapy), Enrolled patients were randomly assigned, in a 1:1 ratio, to undergo transcatheter mitral-valve repair, to be performed within 14 days after randomization, and receive guideline-directed medical therapy (device group) or to receive guidelinedirected medical therapy alone (control group). Randomization was stratified according to trial site and cause of cardiomyopathy (ischemic or nonischemic) and was performed with random block sizes of 2, 4, or 6. Details about the trial device and implantation procedure have been published previously and are provided in the Supplementary Appendix. [8] [9] [10] Details about the trial assessments are shown in Table S2 in the Supplementary Appendix. Clinical follow-up, which is ongoing, was to be performed at 1 week and at 1, 6, 12, 18, and 24 months after the implantation procedure in the device group and after a visit with the site heart-failure specialist in the control group (either of which would occur within 14 days after randomization) and then annually through 5 years. Follow-up assessments include periodic echocardiography, 6-minute walk tests (with longer distances indicating more preserved functional capacity and a 10% relative change from the baseline value indicating a minimally significant difference), and assessments of quality-of-life measures, including the NYHA functional class and the Kansas City Cardiomyopathy Questionnaire (KCCQ) score (on a scale of 0 to 100, with higher scores indicating better quality of life and a difference of 5 points indicating a minimally significant difference). Assessment for the primary effectiveness end point was to be performed through 2 years, with a minimum of 1 year of follow-up in all patients. Crossover was not to be permitted before 2 years of follow-up.
End Points
The definitions of the primary and secondary end points for hypothesis testing are provided in Tables S3 and S4 in the Supplementary Appendix. The primary effectiveness end point was all hospitalizations for heart failure within 24 months of follow-up, including recurrent events in patients with more than one event. The primary safety end point was freedom from device-related complications at 12 months. A device-related complication was defined as any occurrence of single-leaflet device attachment, embolization of the device, endocarditis that led to surgery, mitral stenosis (as confirmed by the echocardiographic core laboratory) that led to mitral-valve surgery, implantation of a left ventricular assist device, heart transplantation, or any other device-related event that led to nonelective cardiovascular surgery. Adverse events were adjudicated by an independent events committee with the use of source documents. Ventricular volumes and function, the severity of stenosis, and the severity of mitral regurgitation (with grade 0 indicating none, 1+ mild, 2+ moderate, 3+ moderate-to-severe, and 4+ severe) were assessed at the independent echocardiographic core laboratory.
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Statistical Analysis
Details about the event-rate assumptions and power analyses have been published previously. 10 Analysis of the primary effectiveness end point of all hospitalizations for heart failure was performed with a joint frailty model to account for correlated events and the competing risk of death. 15 Assuming an annualized rate of all hospitalizations for heart failure of 42.0% per patient-year in the device group and 60.0% per patient-year in the control group, a 12-month mortality of 22.0% and 27.0%, respectively, and a 12-month attrition rate of 7.5%, we calculated that a sample of 610 patients would provide the trial with 80% power, at a one-sided alpha level of 0.05, to show the superiority of device-based treatment over medical therapy alone with regard to the annualized rate of all hospitalizations for heart failure within 24 months. Hazard ratios and two-sided 95% confidence intervals were also calculated with the joint frailty model. Analysis of the primary safety end point of freedom from device-related complications was performed with the asymptotic z test; the event-free rate was estimated with the KaplanMeier method and the standard error was estimated with the Greenwood method. 16 We calculated that a sample of 305 patients in the device group would provide the trial with more than 95% power, at a one-sided alpha level of 0.05, to show that the rate of freedom from device-related complications at 12 months was higher than If the hypotheses for both primary end points were met, then analyses of 10 secondary end points that the trial was powered to assess were to be performed in a prespecified hierarchical order to control for multiple comparisons (Table S3 in the Supplementary Appendix). 10 All effectiveness analyses were performed from the time of randomization in the intention-totreat population. The primary safety analysis was performed in the safety population, which consisted of all patients in the device group in whom device implantation was attempted. Sensitivity analyses were performed in the per-protocol and as-treated populations. Detailed descriptions of these populations are provided in the Supplementary Appendix.
For analyses of time to first event, event rates were compared with a Cox regression model. Categorical variables were compared with Fisher's exact test. Continuous variables were compared with t tests or the Wilcoxon rank-sum test for nonnormally distributed data. An analysis of covariance model was used to compare mean changes in continuous variables from baseline to follow-up between groups. A sensitivity analysis with multiple imputation was performed to account for missing data. 17 For the analysis of superiority, a two-sided P value of less than 0.05 was considered to indicate statistical significance. All statistical analyses were performed with SAS software, version 9.4 (SAS Institute).
R esult s
Patients and Treatments
From December 27, 2012, through June 23, 2017, a total of 614 patients at 78 centers in the United States and Canada were enrolled in the trial; 302 were randomly assigned to the device group and 312 to the control group (Fig. S2 in the Supplementary Appendix). The baseline characteristics of the patients in the two trial groups were well matched (Table 1) . Among all the patients, the mean (±SD) age was 72.2±11.2 years, 36.0% were women, and 36.5% had received previous cardiac resynchronization therapy. The cause of cardiomyopathy was ischemic in 60.7% of the patients and nonischemic in 39.3%. The mean left ventricular ejection fraction was 31.3±9.3%, and the mitral regurgitation grade was 3+ in 52.2% of the patients and 4+ in 47.8%. The mean STS score for the risk of death within 30 days after mitralvalve replacement was 8.2±5.9%. The central eligibility committee determined that 69.2% of the There were no significant differences between the trial groups with regard to baseline characteristics. NYHA denotes New York Heart Association. † The body-mass index is the weight in kilograms divided by the square of the height in meters. ‡ The mean creatinine clearance was calculated with the Cockcroft-Gault equation. § In accordance with World Health Organization criteria, anemia was defined as a hemoglobin level at initial presentation of less than 13 g per deciliter in men and less than 12 g per deciliter in women. ¶ Society of Thoracic Surgeons (STS) scores for the risk of death within 30 days after mitral-valve replacement range from 0.4 to 98.1%, with higher percentages indicating greater risk. ‖ Risk of surgery-related complications or death was determined by the central eligibility committee. High risk was defined as an STS score for the risk of death within 30 days after mitral-valve replacement of 8% or higher or the presence of features that portend an extremely high risk of operative stroke or death. T h e ne w e ngl a nd jou r na l o f m e dicine patients were at high risk for surgery-related complications or death and 30.8% were not. Device implantation was attempted in 293 of the 302 patients (97.0%) in the device group, with 1 or more clips implanted in 287 patients (98.0% of the 293 patients in whom implantation was attempted; 95.0% of all 302 patients in the device group) and a mean of 1.7±0.7 clips implanted per patient (range, 1 to 4) ( Table S5 in the Supplementary Appendix). Among the 260 patients in whom echocardiography was performed at the time of discharge, the mitral regurgitation grade was 1+ or lower in 214 patients (82.3%), 2+ in 33 patients (12.7%), 3+ in 9 patients (3.5%), and 4+ in 4 patients (1.5%). In the device group, the 30-day rates of death and stroke were 2.3% and 0.7%, respectively, and no patients underwent mitralvalve surgery. Details about medication use are provided in Tables S6 and S7 in the Supplementary Appendix. Major changes in medications during follow-up were infrequent in the two trial groups.
Primary and Secondary End Points
Data collection for this analysis ended on August 3, 2018, when the last enrolled patient had completed 1 year of follow-up. A total of 97.7% of the patients in the device group and 94.2% in the control group had data available for 1 year of follow-up; the median follow-up was 22.7 months (interquartile range, 12.4 to 24.0) and 16.5 months (interquartile range, 10.1 to 24.0), respectively (Fig. S2 in the Supplementary Appendix) . The results for the primary and secondary end points that the trial was powered to assess are shown in Table 2 , and in Tables S8 through S18 in the Supplementary Appendix. One or more hospitalizations for heart failure occurred during followup in 92 of the patients in the device group and in 151 in the control group. The total number of hospitalizations for heart failure within 24 months was 160 in the device group and 283 in the control group (Fig. 1A) . The annualized rate of all hospitalizations for heart failure was 35.8% per patientyear in the device group as compared with 67.9% per patient-year in the control group (hazard ratio, 0.53; 95% confidence interval [CI], 0.40 to 0.70; P<0.001). The number needed to treat to prevent 1 hospitalization for heart failure within 24 months was 3.1 (95% CI, 1.9 to 7.9). The rate of freedom from device-related complications at 12 months was 96.6% (lower 95% confidence limit, 94.8%), a rate that exceeded the objective performance goal of 88.0% for the primary safety end point (P<0.001) (Fig. 1B) . The results of analyses performed in the per-protocol and as-treated populations were similar to the results of the primary effectiveness and safety analyses (Table S9 in the Supplementary Appendix).
Hypothesis testing was positive for the 10 prespecified secondary end points that the trial was powered to assess. All-cause mortality within 24 months was significantly lower with device-based treatment than with medical therapy alone (29.1% vs. 46.1%; hazard ratio, 0.62; 95% CI, 0.46 to 0.82; P<0.001) (Fig. 1C) . The number needed to treat to save one life within 24 months was 5.9 (95% CI, 3.9 to 11.7). In addition, quality of life (as assessed by the KCCQ and by determination of the NYHA functional class) was significantly better, functional capacity (as measured by the 6-minute walk test) was more preserved, and mitral regurgitation and left ventricular remodeling (as measured by mitral regurgitation grade and left ventricular end-diastolic volume) were less severe with device-based treatment than with medical therapy alone. The results for the primary and secondary end points were consistent after accounting for missing data with multiple imputation (Table S10 in the Supplementary Appendix).
Additional Outcome Measures
Data on adverse events are shown in Table 3 , and in Table S19 and Figures S3 through S6 in the Supplementary Appendix. The 24-month risk of the composite of death from any cause or hospitalization for heart failure was significantly lower in the device group than in the control group, as was the 24-month risk of hospitalization for any cause. The lower rate of hospitalization for heart failure in the device group was robust after adjustment for differences between the trial groups in medications used for heart failure at baseline (hazard ratio, 0.55; 95% CI, 0.42 to 0.73; P<0.001), as was the lower mortality (hazard ratio, 0.65; 95% CI, 0.49 to 0.86; P = 0.003). The rate of implantation of a left ventricular assist device or heart transplantation during follow-up was lower in the device group than the control group. The lower rates of hospitalization for heart failure, death, and the composite of death or hospitalization for heart failure in the device group were consistent across all the examined subgroups (Fig. 2, and Figs. S5 and S6 in the Supplementary Appendix). There were no significant interactions T h e ne w e ngl a nd jou r na l o f m e dicine between the trial group and these events according to age, sex, the severity of mitral regurgitation, left ventricular function or volume, the cause of cardiomyopathy, or the risk of surgery-related complications or death at baseline.
Discussion
The COAPT trial evaluated the safety and effectiveness of transcatheter mitral-valve repair in patients with heart failure and moderate-to-severe or severe secondary mitral regurgitation who remained symptomatic despite the use of maximal doses of guideline-directed medical therapy. In this trial, device-based treatment resulted in a significantly lower rate of hospitalization for heart failure, lower mortality, and better quality of life and functional capacity within 24 months of follow-up than medical therapy alone. In addition, the rate of freedom from device-related complications with transcatheter mitral-valve repair exceeded a prespecified objective performance goal. The benefits were consistent across numerous subgroups, including patients who had ischemic and nonischemic cardiomyopathy and those who were and were not at high risk for surgery-related complications or death, and the benefits were independent of the mitral regurgitation grade and left ventricular volume and function at baseline. The MitraClip device used in this trial was approved by the Food and Drug Administration in 2013 for the treatment of primary mitral re- Panel A shows the cumulative incidence of the primary effectiveness end point of all hospitalizations for heart failure within 24 months of follow-up among patients who underwent transcatheter mitral-valve repair and received guideline-directed medical therapy (device group) and among those who received guideline-directed medical therapy alone (control group). The data shown here do not account for the competing risk of death, which was considered in the joint frailty model. A total of 160 hospitalizations for heart failure occurred in 92 patients in the device group, and a total of 283 hospitalizations for heart failure occurred in 151 patients in the control group. Panel B shows the rate of the primary safety end point of freedom from device-related complications at 12 months among the 293 patients in whom device implantation was attempted, as compared with an objective performance goal. Panel C shows timeto-event curves for all-cause mortality in the device group and the control group.
gurgitation in patients who are at a prohibitive risk for surgery-related complications or death. Approval was based on uncontrolled registry data that showed symptomatic improvements, 18, 19 and in the United States, the device is principally used for this indication. 20 However, outside the United States, the device is more often used to treat secondary mitral regurgitation in patients with heart failure. 21, 22 The prognosis among patients with heart failure and secondary mitral regurgitation is very poor; in this trial, approximately two thirds of such patients died or were hospitalized for heart failure within 2 years despite the use of guidelinedirected medical therapy. Transcatheter mitralleaflet approximation led to a decrease in the severity of secondary mitral regurgitation; this is presumably the mechanism behind the improvements in prognosis, quality of life, and functional capacity among patients who received device-based treatment. Of note, the lower rate of hospitalization for heart failure with device-based treatment emerged within 30 days after treatment. The lower mortality predominantly emerged more than 1 year after treatment, a delayed response consistent with long-term benefits from a durable decrease in the severity of left ventricular volume overload.
The clip implantation rate of 98% and the T h e ne w e ngl a nd jou r na l o f m e dicine Shown are annualized estimates of all hospitalizations for heart failure within 24 months of follow-up across subgroups. The median value was used as a cutoff for age (median, 74 years), left ventricular ejection fraction (median, 30%), and left ventricular end-diastolic volume (median, 181 ml). For the additional cutoff for left ventricular ejection fraction, a value of 40% or less indicates the presence of heart failure with reduced ejection fraction and a value of more than 40% the presence of heart failure with preserved ejection fraction, two different diseases associated with different prognoses and treatments. Society of Thoracic Surgeons (STS) scores for the risk of death within 30 days after mitral-valve replacement range from 0.4 to 98.1%, with higher percentages indicating greater risk. The risk of surgery-related complications or death was determined by the central eligibility committee, with high risk defined as an STS score for the risk of death within 30 days after mitral-valve replacement of 8% or higher or the presence of features that portend an extremely high risk of operative stroke or death. NYHA denotes New York Heart Association. immediate achievement of a mitral regurgitation grade of 2+ or lower in 95% of the patients in the device group in this trial were substantially better than those outcomes among lower-risk patients in the early EVEREST II trial, 8 findings that probably reflect operators' increased experience with implantation and improved echocardiographic guidance. The decrease in the severity of mitral regurgitation that was associated with transcatheter mitral-leaflet approximation was also durable over time. Among surviving patients in the device group, the mitral regurgitation grade at 2 years was 3+ or higher in only 0.9% and was 2+ or higher in only 22.8%. In contrast, a previous randomized trial evaluated the effectiveness of a downsized annuloplasty ring in patients who had secondary ischemic mitral regurgitation of similar severity to that seen in this trial; among surviving patients who were treated with the downsized annuloplasty ring, the mitral regurgitation grade at 2 years was 3+ or higher in 14.0% and was 2+ or higher in 58.8%. 23 Some limitations of this trial should be noted. First, because the MitraClip device is visible on imaging studies, the investigators were aware of the trial-group assignments. Efforts to mitigate bias included rigorous protocol-specified procedures to standardize guideline-directed medical therapy and the use of an independent events committee and a central echocardiographic core laboratory. The robustness of the lower rate of hospitalization for heart failure and the lower mortality in the device group, coupled with consistent decreases in the severity of mitral regurgitation and improvements in quality of life and functional capacity in that group, supports the validity of the principal findings. Nonetheless, potential bias cannot be completely ruled out. Second, the median follow-up was longer in the device group than in the control group, in part because of the lower mortality in the device group. However, withdrawal from the trial was more frequent in the control group. The principal results were consistent after imputation for missing data. Third, agents that affect the renin-angiotensin axis were by chance used more frequently at baseline in the device group. The principal findings were robust after adjustment for these differences. Fourth, long-term follow-up, which is to be ongoing through 5 years, is necessary to fully characterize the safety and effectiveness of the device. The results of this analysis apply to treatment of secondary mitral regurgitation with mitral-leaflet approximation as tested in this trial; whether other transcatheter-based or surgical approaches would have similar results is uncertain. Finally, all enrolled patients were symptomatic (NYHA class II, III, or IVa [ambulatory]) despite the use of maximal doses of guidelinedirected medical therapy (with more than one third of patients having undergone cardiac resynchronization therapy) and had moderate-to-severe or severe mitral regurgitation, a left ventricular ejection fraction of 20 to 50%, and frequent coexisting conditions. Whether the device would have similar benefits in patients who are less or more critically ill or in those with less severe mitral regurgitation is unknown.
In conclusion, among patients with heart failure and moderate-to-severe or severe secondary mitral regurgitation who remained symptomatic despite the use of maximal doses of guidelinedirected medical therapy, transcatheter mitralvalve repair resulted in a lower rate of hospitalization for heart failure, lower mortality, and better quality of life and functional capacity within 24 months of follow-up than medical therapy alone, and the prespecified goal for freedom from device-related complications was met.
